Whole device printing is presented for realizing full colour displays with red (R), green (G) and blue (B) organic light emitting diodes (OLEDs). In this process, the whole OLED structure is transferred from a patterned mould to a glass substrate. Therefore, a simple step and repeat of the transfer of each of R, G and B OLED for RGB pixels completes the fabrication of the full colour display over a given area. A difference in the work of adhesion at two interfaces enables the transfer. A 'rigiflex' mould is used for the printing. It is rigid enough to allow sub-100 nm resolution and yet flexible enough for intimate contact with the glass substrate, which permits large area application.
Introduction
A simple and versatile way of fabricating pixels for flat panel displays based on red (R), green (G) and blue (B) organic light emitting diodes (OLEDs) is a challenge yet to be mastered. Conventional photolithography could be used for this purpose. However, the processing involves solvents that cause damage to or degradation of the small organic molecules that are used for the OLEDs. Because of these problems, unconventional techniques have been developed-unconventional in the sense that they do not involve photolithography. These techniques can be grouped into two broad categories: the pattern transfer/printing method and the shadow mask methods.
The transfer method has been used [1] [2] [3] [4] [5] almost exclusively for defining the OLED metal cathode, although this method has also been used to fabricate a capacitor structure [6] . While the results should be effective in defining the cathode, its usefulness is limited to mono-colour applications. A reversetransfer method involving simple detachment of a single organic layer has been developed [7] . This method can be useful for mono-colour application or full colour application based on white OLEDs coupled with colour filters but not so suitable for full colour application.
Commercially available small size flat panel OLED displays rely on the shadow mask method for their fabrication.
However, large area application is quite problematic and the pixel resolution is limited due to shadow effects.
Rigiflex lithography [8] is a recently introduced technique in which a bilayer of metal on polymer is transferred from a patterned mould to a substrate. The method relies on a rigiflex mould that is rigid enough for sub-100 nm resolution and yet flexible enough to allow for large area application with low pressure for the transfer. We were motivated by the fact that the principle involved in the transfer is simply a difference in the work of adhesion between two interfaces, one at the mould and the other at the substrate, and thus if a bilayer can be transferred so would the whole OLED device.
In this paper we present a simple and effective method of fabricating RGB OLED pixels for a full colour flat panel display that is based on rigiflex lithography. We show that the performance of the device thus fabricated is equivalent to that of the device made by the usual fabrication method.
Experiment
The procedure for fabricating RGB pixels by whole device transfer is illustrated in figure 1 . A rigiflex mould made of poly (urethane acrylate) (PUA) [9] was used in the device transfer. It was prepared with a flexible and transparent support film of polyurethane elastomer or soft epoxy resin. It should be noted that trapped polymer radicals and any remaining unsaturated acrylate in the replicated mould were removed by excessive exposure to ultraviolet (UV) for several hours. The mould was prepared in such a way that it has 250 µm wide lines 1.5 mm apart. As shown in the inset of figure 1, fluorinated ethylene propylene (FEP), typically 20 nm thick, was first deposited onto this supported rigiflex or PUA mould to reduce the work of adhesion at the mould interface, followed by successive depositions of aluminium cathode and organic multilayer stacks. For the red OLED, the organic multilayer stacks and metal are NPB (40 nm)/NPB:DCM2 (10 nm)/Alq 3 (50 nm)/Al (100 nm) where NPB is 4,4 - 
propane-dinitrile and Alq 3 is tris-(8-hydroxyquinoline) aluminium. The substrate onto which the device was transferred was glass-coated with indium tin oxide (ITO). The 250 µm wide ITO lines were patterned to have a pixel size of 250 µm× 250 µm. It was then treated with oxygen plasma. The device transfer was made by pressing the coated mould onto the substrate at a pressure ranging from 1 to 5 MPa at 50
• C for 5 min. After cooling to room temperature, the mould was simply removed, thereby transferring the device structure onto the protruding parts of the mould to the substrate.
After the fabrication of the red OLED pixels by the transfer method, another PUA mould with deposited metal and organic multilayer stacks for green emission was prepared. For the green OLED, the organic multilayer stacks and metal are NPB (50 nm)/Alq 3 (50 nm)/Al (100 nm). The mould with the green OLED structure was manually aligned with respect to the red OLED pixels already fabricated and then transferred to form green OLED pixels. The same procedure as for the green OLED pixels was followed for blue OLED pixels, using yet another PUA mould deposited with blue emitting organic multilayers. The organic multilayer stacks and metal are NPB (50 nm)/DPVBi:BCzVBi (50 nm)/Al (100 nm) where DPVBi and BCzVBi are 4,4 -bis(2,2-diphenylvinyl)biphenyl and 4,4 -bis[2-(3-N-ethylcarbazoryl) vinyl]biphenyl, respectively. Device characteristics were measured in a glove box with Hewlett Packard 6625A and 34401A instruments in the constant voltage mode with a step of 0.5 V and a delay time of 1 s between measurements. At the same time, the luminance was measured using a calibrated silicon photodiode.
Results and discussion
The fabrication of RGB pixels was carried out according to the procedure in figure 1 . Figure 2(a) shows the red OLED that was fabricated by the device transfer method turned on. The pixel size is 250 µm by 250 µm. The green OLED that was transferred after the red OLED is shown in figure 2(b) and all three fabricated RGB pixels are shown in figure 2(c). A complete matrix or array was not made, and therefore alligator clips (dark rectangles in the figure) were used to turn the OLEDs on. Because of manual alignment, the pixels are not well aligned. However, the results are a demonstration that RGB pixels can be fabricated by the device transfer method.
The device transfer technique relies on a difference in the work of adhesion between two interfaces, one at the mould side and the other at the substrate side between materials 1 and 2 can be calculated by
where γ i (i = 1, 2) is the surface energy of material i and γ 12 is the interface energy. This interface energy can be estimated from
where the superscripts d and p are for the dispersion and polar components of the energy, respectively. These components can be determined on the basis of the contact angles of water and ethylene glycol on the surface of interest [10] . The interfaces of interest for the device transfer are one between FEP and Al, for which the work of adhesion is W Al,FEP , and another one between ITO and NPB, for which the work of adhesion is W ITO,NPB . From contact angle measurements, the work of adhesion was obtained as follows: W ITO,NPB = 37.3 mJ m −2 and W Al,FEP = 16.0 mJ m −2 . These values clearly indicate that the device structure can be transferred from the FEP coated mould to the ITO substrate, although the peel rate would also play a role. Another factor that needs to be considered is the cohesive force of the organic layers and that of the thin metal film, since the layers and the thin film have to be fractured along the edges of the protruding parts of the mould for the transfer to be possible. Unlike polymer, the cohesive force of a small molecule layer is low and the pressure in excess of 1 MPa was high enough to cause the fracture of the thin (100 nm) metal film.
A question that may arise is whether the transferred device would perform as effectively as the device fabricated by the usual deposition method. Figure 3 shows the current-voltage and luminance-current characteristics of the green OLED fabricated by the transfer method (solid circle) and the device fabricated by deposition through a shadow mask (open circle). A shift to higher voltage and higher current for the same output is apparent for the device fabricated by the transfer method. This shift is believed to be caused by the air trapped in the transfer process. This aspect is under investigation. Note in this regard that the device was fabricated in a vacuum chamber when the usual method is used, whereas in the transfer method the device was taken out of the vacuum for the transfer. While the RGB pixels (250 µm × 250 µm) and the space between the lines (1.5 mm) were necessarily made large for visual verification, the resolution can be in sub-100 nm range. Figure 4 shows scanning electron micrographs (SEM) of the green OLED structure (NPB (5 nm)/Alq 3 (5 nm)/Al (10 nm)) with 10 nm thick FEP transferred to ITO glass. In the complex pattern in figure 4(a) , the lines are 270 nm wide and the space between the lines is 80 nm. Because of the narrow space, we used thin layers of organics and metal. Figure 4(b) shows 80 nm wide lines with the same OLED structure as in figure 4 (a) that were transferred to the glass substrate. Note in this regard that the light emission from individual nanoline structures is extremely difficult to identify and even more difficult to image.
While the rigid nature of the rigiflex mould allows resolution down to the sub-100 nm range, the flexible nature of the mould makes it possible for the transfer to be applied to large areas. A flat substrate is not necessarily flat in that there is always roughness at nanometre scale if not the micrometre level. Therefore, the use of a hard mould creates voids between the mould and the substrate. On the other hand, a flexible mould can make intimate contact with the underlying surface over a large area because of the flexibility, which makes large area applications possible.
Conclusion
In summary, a simple and effective technique has been presented for forming RGB pixels. Whole OLED devices are transferred from a mould to a glass substrate in this method such that only step and repeat of the transfer is needed for the formation of full colour pixels. The performance of the device thus fabricated is equivalent to that of a conventionally fabricated device. Because of the rigid and yet flexible nature of the mould used, the method can be applied over large areas and the resolution can reach sub-100 nm.
The whole device printing process presented here should be of substantial interest because of the difficulty in using conventional photolithography and the large commercial interest in full colour OLED displays.
